Results of molecular dynamics simulations for systems with two flexible, oppositely charged polymer chains are presented. The lengths N and interaction strength of the chains are varied. We find that the chains remain separated for small values of . For large interaction strengths, i.e., large Bjerrum lengths, we find glasslike structures and order on the length scale of a few monomer diameters. Between these two limits of the interaction strengths, the chains of various lengths collapse into compact complexes that exhibit self-similar structures. The scaling behavior of the radius of gyration is discussed as a function of chain length and interaction strength. In addition, the local structure of the collapsed systems is analyzed and the dependence of the density of the aggregate on the interaction strength is discussed.
I. INTRODUCTION
Polyelectrolytes play a major role in everyday life, particularly in biological systems. However, despite their importance, polyelectrolytes are not as well understood as uncharged polymer systems. At present there is no satisfactory theory for these charged systems at very low salt concentrations. The long-range Coulomb interaction introduces a new length scale in the system and renders analytical calculations difficult ͓1͔. On the experimental side there are various investigations of polyelectrolytes underway, but they are difficult to perform ͓2-4͔. Computer simulations are therefore an important tool for the detailed investigation of these systems on a molecular level. So far, mostly chains with added counterions and colloidal systems have been studied ͓5-9͔, but no systematic analysis of systems consisting only of chains have been performed yet. In solutions of oppositely charged polyions, the strong Coulomb attraction leads to the formation of complexes. Such complexes are relevant for a variety of technical applications and are fundamental in biological systems. Of particular interest is the application of complexes of DNA and oppositely charged macromolecules in gene therapy. The problem is to introduce genetic material into cell nuclei. Experiments on DNA complexes indicate conformational changes of the DNA molecule during the complex formation. An example is provided in Ref. ͓10͔ , where DNA in solution is compacted in the presence of spermidine. Stable complexes are also formed between DNA and cationic lipids ͑lipoplexes͒ ͓11͔. Srivastava and Muthukumar ͓12͔ studied the structure of aggregates formed by oppositely charged polyelectrolytes, but only for a very small range of interaction strengths and chain lengths.
Polyampholytes, which exhibit to some extent qualitatively similar structures ͑depending on their charge distribution͒, have been investigated in more detail ͓13-24,26͔. The structures of such molecules are sensitive to small variations of the positive and negative charges per chain ͓15,16͔. Hence, a rich variety of equilibrium conformations is obtained reaching from globular states ͓14͔ to extended chains ͓15,16͔ and pearl-necklace-like sequences ͓19,25,26͔. Computer simulations of many-chain polyampholyte systems yield condensed states with glasslike or crystallinelike states depending on the variability of the bonds ͓24͔. Similarly, simulations of diblock polyampholytes ͑consisting of one positively and one negatively charged block͒ yield a pairing of the two blocks at large Coulomb interaction strengths and the formation of a coiled state ͓23͔. The effect of an applied electric field on the deformation properties of a polyampholyte was recently studied analytically ͓27,28͔ and by simulations ͓29͔.
The aim of the simulations presented in this paper is to investigate what kinds of structures are formed by oppositely charged chain systems when they collapse, thereby forming compact clusterlike structures that are physically constrainted to a small region in space. The simulations reach beyond previous ones, since we study systematically a very large range of interaction strengths and chain lengths. In particular, we analyze the scaling behavior of the chain conformations with respect to the chain length. Such investigations are also of fundamental importance for experiments searching ways to produce chemically well-defined nanostructures consisting of polyelectrolytes ͓30,31͔. A deeper theoretical insight into possible structures formed by flexible charged chains might help to improve these experimental endeavors. Our studies focus on two-chain systems. Hence, the results apply to the formation of chain pairs in many-chain systems only. Such pairs certainly form in dilute systems, where the density is much smaller than the overlap concentration. In this limit, the behavior of the solution is determined by the aggregates of two or only a few chains. Depending on the concentration of positively and negatively charged chains, all or only part of the molecules form pairs ͓32͔. Larger aggregates are formed at polymer concentrations close to the overlap concentration. The behavior of the solution is then determined by large globules.
The paper is organized as follows. In Sec. II we describe the system and the simulation method. In Sec. III the results are presented. In particular, the dependence of the radius of gyration on the interaction strength between the chains is discussed. In addition, results for the pair correlation function and the density within a cluster are presented. In Sec. IV the kinetics of the cluster formation is outlined. Finally, Sec. V summarizes our findings.
II. SYSTEM AND SIMULATION METHOD
We performed constant temperature molecular dynamics simulations with two oppositely charged chain molecules. The mass points of a chain are connected by harmonic bonds with the potential
where iϭ1, . . . ,N. To ensure small fluctuations in the bond lengths ͑below 1%͒, a large value for the force constant is chosen ͓ϭ5000⑀/ 2 , where ⑀ and are the parameters of the Lennard-Jones potential, cf. Eq. ͑2͔͒.
The finite size of a monomer is taken into account by the truncated Lennard-Jones ͑LJ͒ potential
͑2͒
where r denotes the distance between two ͑nonbonded͒ mass points. In our simulation we set the bond length lϭ. In addition, the mass points interact via the Coulomb potential
is the electric permittivity and e the electronic charge. The z i ϭϮ1 denote the charge state of the monomers. The interaction with the solvent is taken into account by a stochastic force (⌫ i ) and a friction force, with a damping constant ␥, acting on each mass point. The equations of motion of the system are then given by the Langevin equations
F i comprises the force due to the potentials ͑1͒-͑3͒, and m is the mass of a point. The stochastic force is assumed to be stationary, random, and Gaussian ͑white noise͒. This insures the proper equilibration of the dilute system ͓33,34͔. The electrically neutral system is placed in a cubic simulation box and periodic boundary conditions are applied for the intermolecular Lennard-Jones interaction, thereby keeping the density (ϭN/Vϭ2.2ϫ10 Ϫ7 / 3 ) of the system constant when changing the chain length. This is only relevant for very low interaction strengths, where the chains are well separated. The number ͑N͒ of monomers per chain was chosen as Nϭ10, 20, 40, 80 , and 160 to span at least one order of magnitude. Hence, it is possible to study the scaling behavior of the systems with respect to size at a given interaction strength for this length scale. In terms of the LennardJones potential parameters (, ⑀) the ͑dimensionless͒ Coulomb interaction parameter is given by ϭ B k B T/⑀, where B ϭe 2 /k B T is the Bjerrum length. Hence, there are only two relevant parameters in our simulation, the length of the chains N and the interaction strength . is chosen in the range of ϭ0, . . . ,100. This range covers uncharged chains in good solvent as well as highly charged chain systems. For the Coulomb interaction we use a cutoff R c that is half the box length. This is possible because the eventually analyzed collapsed systems are confined to a small region in space, which is much smaller than R c . For noncollapsed chains, the Coulomb interaction is sufficiently weak to be neglected beyond the cutoff distance. The temperature is chosen as k B Tϭ1.2⑀, the damping constant as ␥ϭ1/, and the time step is ⌬tϭ5ϫ10 Ϫ3 , where is the time unit of the simulation. To obtain reasonable statistics, at least 20 different initial conditions were considered and simulations up to 10 7 time steps were performed for each value of and N. An estimate of the errors based upon the standard deviations of these ensembles yields relative uncertainties below 5%.
III. RESULTS AND DISCUSSION

A. Radius of gyration
As a consequence of the long-range nature of the Coulomb interaction, there is no unique length scale in a polyelectrolyte system. As is well known, the radius of gyration R g 2 and the end-to-end distance R 2 of neutral chains in good solvent exhibit the universal scaling relation R 2 ϳR g 2 ϳN 2 , with Ϸ0.6. In case of polyelectrolyte systems, however, the various length scales have to be analyzed individually and we do not expect the same exponents for the radius of gyration and the end-to-end distance for a given interaction strength. A scaling analysis of the conformation of a polyelectrolyte chain in the presence of counterions exhibits indeed length scale dependent scaling behavior ͓8͔. Figure 1 illustrates the radius of gyration of our investigated chains for the whole range of the parameter . Starting from neutral systems, it is obvious that an increase of causes the chains to stretch. Beyond a certain value of , the chains start to collapse and R g 2 decreases. The onset of the collapse obviously depends upon the lengths of the chains. For large interaction strengths, the size of the collapsed chains is smaller than the size of an uncharged chain in a good solvent. There is evidently an attractive interaction in the system present, which gives rise to the compact structure.
The smallest chain systems with Nϭ10 do not fit into the scheme of the larger ones. For Nϭ10 the ratio R g 2 /(NϪ1) exceeds obviously the value for chains of length Nϭ20. A more detailed analysis exhibits two conformations for such chains (Ϸ1): A rather collapsed state ͑globule͒ and a stretched state ͑double-stranded helix͒. The two conformations are energetically very similar. Therefore, we cannot decide which is the equilibrium state. The appearance of one or the other structure seems to depend strongly on the relative location of the individual monomers. A certain mismatch in the relative positions leads to a collapsed state, whereas in the opposite situation the extended state is stabilized. For large interaction strengths, however, the globular state is assumed. Figure 2 presents snapshots of such systems. Both aggregates are obtained for ϭ20. We will now discuss the scaling behavior in more detail.
Small values of
To investigate the universal features of the chains of various lengths, it is necessary to compare systems of similar interaction strengths. Depending on the separation of the two chains and their monomers, respectively, from each other, we expect at least three different regimes. The effective Coulomb interaction between far apart chains ͑very low interaction strength͒ is proportional to N 2 , because the coils behave like point charges with N charges per coil. With increasing Coulomb interaction strength the coils approach each other and the mean distance is of the order of the radius of gyration. Here we expect a scaling behavior of the form N with ϭ2ϪϷ1.4 ͓23͔. This simply follows from the fact that the Coulomb energy obeys the relation E C ϳN 2 /R g ϳN 2 /N for that regime. The Coulomb energy itself is of the order of k B T. Thus, the strength of the interaction is estimated to be B N Ϸ1 in the weakly attractive regime. Finally, for very large interaction strength, we will find compact structures. Their scaling behavior will be discussed below.
To study the scaling behavior in the weakly attractive regime, we introduce the effective interaction parameter * ϭN . Figure 3 depicts R g 2 as a function of *. As is obvious from the figure, the data for various chain lengths collapse approximately onto a universal curve, at least for * Ͻ100. ͑By changing the exponent by less than 2% for some of the curves, an even better agreement can be achieved.͒ Hence, the two chains only partially intervene each other for *Ͻ100. There is a certain overlap of the two chains but the mean separation of the monomers is still of the order of the radius of gyration. Clearly, there is a tendency of the systems to start collapsing approximately at the same value of *ϭ c *Ϸ10. This coincidence underlines our assumption that * is the appropriate parameter to compare chains of various lengths. The chain characteristics R g and R obey approximately the scaling relations R g 2 ϳ(NϪ1) 2 ͑cf. Fig. 3͒ and R 2 ϳ(NϪ1) 2 , respectively. But despite the weak stretching of the chains, we find practically the same exponent for all interaction strengths.
Single polyelectrolyte chains in the presence of counterions exhibit a different behavior ͓8͔. Such chains also start to collapse at a certain interaction strength () due to counterion condensation. However, the corresponding value is nearly independent of chain length. Considering the exponents () for the mean square end-to-end distance and the radius of gyration, respectively, for these systems, the exponents increase with increasing interaction strength until counterion condensation starts and the exponent for the mean square end-to-end distance is close to Ϸ1 corresponding to rodlike chains. The chains in the two-chain system, however, are only weakly perturbed for *Ͻ100, because of the effectively small interaction strength . In particular, they are never stretched in a rodlike manner due to the screening of the intramolecular Coulomb interaction by the oppositely charged chains. For larger interaction parameters, the chains start to collapse and start to form dense clusters.
The critical effective interaction strength c * can be used to separate the one-phase state with scattered chains and the phase with a globule. For *Ͻ c * individual chains are 021802-3 present, in contrast, for *Ͼ c * the chains aggregate and fold into densely packed structures.
Large values of
With increasing interaction parameter the chains eventually form very compact, collapsed objects. In this range of strong interactions, *ӷ c * , the chain systems again show a scaling behavior for certain characteristic length scales. For values of larger than 1 we find for the radius of gyration Ϸ1/3, corresponding to the obvious compact structure.
In the aggregated state, we compared chains of different lengths at the same value of and not at the same value *. This is reasonable, since in the condensed state screening is present. The monomers of the two chains form pairs leading to an effective dipolar interaction among the different pairs ͓8͔. The observed scaling behavior of the radius of gyration confirms this approach.
Our results are in agreement with the results obtained in Ref. Randomly charged neutral polyampholytes also exhibit a collapse and dense structures are formed for sufficiently large interaction strengths or, vice versa, sufficiently small temperatures. However, the molecular weight dependence of the critical temperature ͑or interaction strength c *) separating the regimes of individual chains from clusters of chains is quite different. Using a similar criterion for random polyampholyte chains that are globally neutral as for the polyelectrolyte system, the Coulomb energy is given by E C ϳe 2 N/R g ϳe 2 N/N 0.5Ϫ0.6 ͓22,26͔. The critical interaction strength is then proportional to N 0. 4Ϫ0.5 . As demonstrated by our simulations, the critical interaction strength for the aggregation of oppositely charged polyelectrolytes is proportional to N 1.4 . Moreover, the chain length dependence of the probability for the polyelectrolyte globule to be destroyed by random thermal agitation is approximately given by P ϳexp(ϪN )(ϭ1.4), as a consequence of the effective interaction parameter *. Hence, the aggregation of the chains in a polyelectrolyte globule is stronger than in a random polyampholyte globule, where Pϳexp (ϪN 0.4Ϫ0.5 ). Thus, polyelectrolyte globules are formed at lower critical temperatures and they will be even more stable than random polyampholyte globules.
B. Pair correlation function
The local structure of the aggregated chains is analyzed by the pair correlation function. As shown by Fig. 4 , the intramolecular pair correlation function (g aa ) and the intermolecular pair correlation function (g ab ), respectively, exhibit distinct peaks indicating a strong aggregation of the oppositely charged monomers with increasing interaction strength. Basically the same local structures are observed for strong interactions, independent of the size of the systems, as is obvious from Fig. 5 . The whole system gradually freezes with increasing interaction strength and the molecules form a glasslike structure. Pronounced peaks at very large interaction strengths indicate the formation of local order. Locally ͑on the length scale of only a very few monomers͒ densely packed structures are formed, which are similar to structures present in crystals. A phase transition into a crystalline state of the whole system is prevented by the bonds of the chains. The cluster is a frustrated system due to the presence of the bonds. A similar behavior is observed in randomly charged polyampholytes ͓16,17,21,22͔.
Depending on the extensibility of the bonds, crystalline or glasslike structures have been reported for systems of randomly charged neutral polyampholytes ͓24͔. In particular, the glasslike state is obtained for finite extensible bonds. This is in agreement with our simulations, because the bonds of our model chains are essentially inextensible.
C. Monomer density within clusters
In Ref. ͓35͔ a statistical theory of globular polyelectrolyte complexes is presented. In particular, the density of monomers within the globule is estimated assuming that the density is constant. Although our simulated systems are not identical to the system investigated in Ref. ͓35͔, we analyzed the monomer density profiles for weak interactions.
Our simulations exhibit plateaus in the monomer density profiles for interaction strengths Ͻ20, confirming the assumption of the above authors. The radial extension of the plateau depends naturally on the chain length. For Ͼ20, densely packed structures are formed and the radial density profile exhibits a peak structure corresponding to preferred positions of individual monomers. The average density reaches an interaction independent limiting value for Ͼ50, which is larger than the density at ϭ20.
In the regime 0.6ϽϽ20, a comparison shows that the density is independent of the chain length within the accuracy of our simulations. ϭ4.0. The plateaulike regime is clearly present for long chains. For short chains we observe a pronounced maximum of the density. This maximum vanishes with decreasing interaction strength. On the other hand, such a maximum appears also at higher interaction strengths for the longer chains. The reason for this is the geometry of the globule. Monomers on the outer part of the cluster experience an attractive interaction from inside the cluster and no interaction from outside. Thus, these monomers show a stronger attraction by the kernel part than monomers inside of the cluster. For smaller interaction strengths ͑or higher temperatures͒ chains of different lengths are deformed to different degrees ͑cf. Fig. 1͒ , which leads to a chain length dependence of the density profile. Within the regime 0.6ϽϽ20, the density exhibits the scaling relation ϳ 0.37 very accurately. The exponent is quite different from the predictions made in Ref. ͓35͔ . For a salt-free solution, Eq. ͑25͒ of Ref.
͓35͔ yields a monotonously increasing density as a function of the interaction strength. In the limit →0 the relation ϳ 3/5 is obtained and in the opposite limit →ϱ the relation ϳ 3 follows. Hence, the exponents are always larger than that found in our simulations. Figure 7 illustrates the density of the clusters for different interaction strengths (ϭ0.4, 4, 40) . For the chain length Nϭ40 no compact structure is formed at ϭ0.4, although the radius of gyration of a chain is already smaller than in a good solvent ͑cf. Fig. 1͒ . At ϭ4.0 there is already a pronounced peak in the pair correlation function g aa at rϭ2 ͑cf. Fig 4͒ indicating the formation of a denser structure. A further increase of leads to an even more compact cluster. The local crystallinelike structure, however, is obtained for even larger interaction strengths (Ͼ50).
IV. KINETICS OF CLUSTER FORMATION
We start our simulations with well separated chains. Turning on the Coulomb interaction, the chains attract each other. In a first step of the aggregation process-at sufficiently large interaction strengths-the chains start to wind around each other and form helical-like superstructures similar to the snapshots presented in Figs. 2 and 8 , respectively. However, by inspection, we see that the chains do not form perfect helices. In particular, there is no defined helicity along the whole molecular string ͑except for chains with Nϭ10). Instead, the winding direction changes along the string. This is supported by the flexibility of the chain. In a second step the chains fold into a compact structure because of the attractive interaction between dipoles formed by oppositely charged monomers ͑cf. Fig. 8͒ . The imperfect helix supports the formation of the compact aggregate. Due to the lack of the perfect twist, monomers and groups of monomers are rather mobile and can therefore easily rearrange to form the cluster. To untwist a perfect helix before the collapse would require more time than for a disordered helix. Indeed, the folding process of the system is very fast, as is obvious from Fig. 9 . Figure 9 displays the time dependence of the kinetic and potential energy during the folding process. The kinetic energy is essentially constant since the system is coupled to a heat bath by stochastic forces. The potential energy rapidly decreases and assumes for tϾ2.5ϫ10 3 a constant value. Figure 10 exhibits the changes of the radius of gyration of the two chains. R g 2 decreases on the same time scale as the potential energy. Between tϭ2.5ϫ10 3 and tϭ6.5ϫ10 3 the radius of gyration is approximately constant. At tϷ6.5 ϫ10 3 conformational changes occur in the system leading to smaller values of R g 2 for both chains. The potential energy is obviously unaffected by these changes, which leads us to conclude that the conformational changes are only of entropic nature.
The whole aggregation process-starting from the approach of the two chains, the helix formation, and the folding-is a cooperative process. This is obvious from the snapshots of Fig. 8 as well as the time dependence of the radius of gyration.
V. CONCLUSIONS
We have presented molecular dynamics simulations of systems with two oppositely charged chains. For small interaction strengths, we find that similar structures for chains of various lengths are obtained for the effective interaction strength *ϭN 1.4 . In this regime the chains exhibit univer- sal behavior and we find scaling exponents for the radius of gyration and the end-to-end distance similar to the values for an uncharged chain in a good solvent. As soon as the interaction is strong enough, the systems collapse and form very compact glasslike ͑for large enough ) structures with a distinct round surface and pronounced local order. This occurs at all investigated chain lengths. Systems of various chain lengths exhibit again self-similarity on small length scale. Collective phenomena play a major role in the formation of the observed structures, starting from the moment the chains begin to wind around each other, subsequently form helicallike structures, and finally upto the moment when they fold into dense globules.
In addition, we performed preliminary simulations taking into account the counterions. These simulations suggest that the counterions possess no significant influence on the formation of the aggregate. The charge density of the chains is very large leading to the formation of aggregates even at very small . For example, chains of length Nϭ40 start aggregating at Ϸ0.05. This interaction strength is by far too small to lead to a condensation of counterions on a chain ͓8͔. At higher interaction strengths more compact cluster and counterion pairs are formed.
We presented results for two oppositely charged chains. We expected the observed behavior to apply for dilute systems, where the density is much smaller than the overlap density. This is confirmed by Monte Carlo simulations of Ref. ͓32͔ .
In future studies we will extend this simulations to systems with more than two chains and denser systems. In such systems several chains of the same charge will aggregate with an oppositely charged chain. The competition among the various chains will lead to interesting self-organized structures ͓32͔.
